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a b s t r a c t
The HoxdDel(11–13) mutant is one of the animal models for human synpolydactyly, characterized by short
and syndactylous digits. Here we have characterized in detail the cartilage and bone defects in these
mutants. We report two distinct phenotypes: (i) a delay and change in pattern of chondrocyte
maturation of metacarpals/metatarsals and (ii) formation of a poor and not centrally positioned primary
ossiﬁcation center in the proximal-intermediate phalanx. In the metacarpals of HoxdDel(11–13) mutants,
ossiﬁcation occurs postnataly, in the absence of signiﬁcant Ihh expression and without the establishment
of growth plates, following patterns similar to those of short bones. The strong downregulation in Ihh
expression is associated with a corresponding increase of the repressor form of Gli3. To evaluate the
contribution of this alteration to the phenotype, we generated double HoxdDel(11–13);Gli3 homozygous
mutants. Intriguingly, these double mutants showed a complete rescue of the phenotype in metatarsals
but only partial phenotypic rescue in metacarpals. Our results support Hox genes being required in a
dose-dependent manner for long bone cartilage maturation and suggest that and excess of Gli3R
mediates a signiﬁcant part of the HoxdDel(11–13) chondrogenic phenotype.
& 2014 Elsevier Inc. All rights reserved.
Introduction
Limb bones form by endochondral ossiﬁcation, a type of
ossiﬁcation that involves formation of a cartilage model that is
eventually replaced by bone. In an initial step mesenchymal cells
condense and form a cartilage anlage. In long bones, the matura-
tion of chondrocytes within this cartilage anlage involves the
successive progression through the proliferative, prehypertrophic
and hypertrophic states. This process is highly organized and
precisely regulated, starting at the center of the element and
progressing towards its distal ends, eventually resulting in the
formation of the growth plates that are essential for the long-
itudinal growth of the long bones (Erlebacher et al., 1995; de
Crombrugghe et al., 2001; Karsenty, 2001). A large number of
factors, including Indian hedgehog (Ihh), Parathyroid-hormone
related protein (PTHrP), Bone morphogenetic proteins (Bmps)
and Fibroblast growth factors (Fgfs), inﬂuence the manner and
pace at which chondrocytes transit from the resting-immature to
the hypertrophic state (Mak et al., 2008; Karsenty., 2008, 2009;
Kobayashi and Kronenberg, 2014).
Hypertrophic chondrocytes signal to the perichondrium to
initiate osteoblast differentiation leading to the formation of the
bone collar. In addition, they produce a mineralized extracellular
matrix and secrete angiogenic factors that attract blood vessels,
which invade the calciﬁed cartilage, bringing osteoblasts and
osteoclasts to initiate marrow formation and bone deposition
(Karsenty., 2008, 2009).
Ihh is a key regulator of long bone development that coordi-
nates cartilage growth and osteoblastogenesis (Vortkamp et al.,
1996; St-Jacques et al., 1999; Chung et al., 2001). Ihh is expressed
by prehypertrophic/early hypertrophic chondrocytes and regulates
the pace of chondrocyte maturation by activating PTHrP at the
articular surface (Lanske et al., 1996; Vortkamp et al., 1996). PTHrP
diffuses from the epiphyseal surface to establish a gradient
towards the diaphysis that inhibits chondrocyte maturation and,
therefore, Ihh expression. Ihh is also required for chondrocyte
proliferation and osteoblast differentiation, acting through PTHrP-
independent pathways (Long et al., 2004, Karp et al., 2000). The
full spectrum of Ihh functions requires both the activator function
of Gli2 and the modulation of the repressor function of Gli3
(Hilton et al., 2005; Koziel et al., 2005; Joeng and Long, 2009;
Kesper et al., 2010).
Hox proteins are a family of homeodomain-containing tran-
scription factors that play important functions during axis forma-
tion and organogenesis (Mallo et al., 2010). Both in humans and
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mice, the Hox gene family includes 39 members organized in
4 clusters, each localized in a different chromosome (Krumlauf,
1994). Genes of the Hoxa and Hoxd clusters are essential for limb
outgrowth and patterning (Zakany and Duboule, 2007). In addi-
tion, they participate in the process of endochondral ossiﬁcation as
revealed by the bone phenotypes observed in gain and loss-of-
function experiments. Thus, it has been shown that forced expres-
sion of several Hox genes severely affects cartilage differentiation
(Morgan et al., 1992; Yueh et al., 1998; Yokouchi et al., 1995; Goff
and Tabin, 1997; Massip et al., 2007) and Hox gene inactivation
often results in delayed and perturbed ossiﬁcation (Davis and
Capecchi, 1994; Zakany and Duboule, 1996; Davis and Capecchi,
1996; Albrecht et al., 2002; Wellik and Capecchi, 2003; Boulet and
Capecchi 2004; Gross et al., 2013). Furthemore, it has been
reported that the osseous regeneration that accompanies forma-
tion of the fracture callus is associated with the activation of
several Hox genes (Gersch et al., 2005). All these data strongly
indicate that Hox products play important functions in osteogen-
esis that are still not completely understood.
Recently, characterization of the synpolydactyly homolog (spdh;
Johnson et al., 1998) mutants, also supported the role of Hox
proteins in the ossiﬁcation process. This mutant strain is a model
for human synpolydactyly (SPD), a congenital limb malformation
characterized by syndactyly and polydactyly (Brison et al., 2014;
Yucel et al., 2005). Molecularly, the spdh mutants produce a
Hoxd13 protein containing a seven-alanine expansion that con-
verts a dominant negative protein (Bruneau et al., 2001). Another
model for human SPD also involves an inactive Hoxd13, in this
case as part of a Hoxd11–13 triple deletion (HoxdDel11–13; Zakany
and Duboule, 1996). These mutant mice present brachidactyly,
variable polydactyly and abnormal endochondral ossiﬁcation of
the autopod (Zakany and Duboule, 1996; Sheth et al., 2007;
Villavicencio-Lorini et al., 2010). Interestingly, it has been reported
that a major phenotypic trait of the spdh mice consists in the
conversion of the metacarpals from long to short bones
(Villavicencio-Lorini et al., 2010), although the origin of this trait
is not completely understood. In the present study we have used
the HoxdDel11–13 mutant to investigate the molecular mechanisms
that bring the metacarpals to ossify following a short bone pattern
in the absence of the three most distal Hoxd genes. We have
carried out careful morphological and molecular analyses of the
development of the affected elements. We report two distinct
phenotypes in HoxdDel11–13 homozygous autopods: a severe delay
and alteration in the pattern of chondrocyte differentiation in
metacarpals and a poor development and malposition of the
primary ossiﬁcation center in proximal phalanges. In the meta-
carpals, chondrocyte differentiation is arrested at an early stage,
prior to the Ihh-expressing pre-hypertrophic chondrocyte stage. In
addition, growth plates are not formed in these bones and their
growth is isotropic. Several days after birth the chondrocytes in
the center of the metacarpals undergo a rapid maturation to
hypertrophy and bone replacement similar in pattern and timing
to that of short bones. Parallel but less severe phenotype is
observed in metatarsals. We also show that the level of Gli3R
was considerably increased in the autopod of mutant embryos,
which is consistent with the strong downregulation in Ihh expres-
sion observed in the mutant limbs. We also analyzed the limb
phenotype of double HoxdDel11–13;Gli3 mutants to understand to
which extent the HoxdDel11–13 phenotype derived from reduced Ihh
signalling and to evaluate the contribution of Hoxd11–13 products
to later stages of endochondral ossiﬁcation. Interestingly, Gli3
inactivation was able to rescue the chondrogenic phenotype of
HoxdDel11–13 mutants in the metatarsals but this rescue was only
partial in the metacarpals. Our results are consistent with Hox
genes controlling, in a dose-dependent manner, the type of
ossiﬁcation (long versus short bone) of the limb skeletal elements
and indicate that this function is mediated at least in part through
the modulation of the Gli3 repressor function.
Materials and methods
Mutant mice
The mutant mouse lines used in this study were the HoxdDel(11–
13) (Zakany and Duboule, 1996) and the Extra-toes Gli3XtJ (Jackson
allele, Hui and Joyner, 1993), which is a Gli3 null allele (hereafter
referred to as Gli3). These lines were maintained on a mixed
genetic background and genotyped according to previously pub-
lished reports. Embryos, newborn pups and postnatal mice of the
desired ages were obtained in strict accordance with the EU
legislation on the protection of animals used for scientiﬁc pur-
poses and 3R principles. All procedures were reviewed and
approved by the Bioethics Committee of the University of
Cantabria.
Skeletal preparations and in situ hybridization
Alizarin red and alcian blue skeletal staining was performed
according to standard protocols (McLeod, 1980), cleared by KOH
treatment and stored in glycerol. For histological analysis and
in situ hybridization (ISH), limbs were ﬁxed with 4% paraformal-
dehyde (PFA) in PBS, overnight at 4 1C, dehydrated, embedded in
parafﬁn and serially sectioned at 7 μm. When necessary, samples
were decalciﬁed in 9% EDTA (pH7.4) for a variable time (1–3 days)
prior to embedding. ISH in whole mount and in tissue sections was
performed using digoxigenin-labeled antisense riboprobes. The
probes used were Col2a1 (St-Jacques et al., 1999), PthrP and PthrPR
(Lee et al., 1996), Ihh, Gli1 and Gli3 (Koziel et al., 2005), ColX and
Ptc1 (Long et al., 2001), Runx2 and Osx (Spater et al., 2006), Bsp and
Col1 (Rodda and McMahon, 2006), Hoxd13 (Chen et al., 2004),
Hoxa13 (Knosp et al., 2004), Fgfr3 (Minina et al. 2005) and Axin2
(Dao et al., 2009). After hybridization, the slides were counter-
stained with eosin, dehydrated and coverslipped.
Quantitative real-time PCR (qRT-PCR)
Embryonic forelimb buds were dissected in cold RNAse-free PBS
from E14.5 wild type and HoxdDel(11–13) homozygous embryos. Total
RNA was extracted with TRIzol (Life Tecnologies), and 1 μg of total
RNA was reverse transcribed to produce ﬁrst-strand cDNA using
standard conditions. qRT-PCR was carried out on a Mx3005P cycler,
using SYBRGreen (Invitrogen) and the data were analyzed using the
Biorad software. The primers used to amplify the murine Ihh were
previously described in Yoshida et al. (2004). Expression levels of
the RNA for the ribosomal protein S9 were used for normalization,
using forward primer 50ACCAGGAGCTAAAGTTGATTGGA30 and
reverse primer 50TCTTGGCCAGGGTAAACTTGA30). All samples were
run in duplicates for each set of PCR primers. The expression levels
of mutant samples were calculated relative to wild-type controls
(average set to 100%). All results (mean7SE) are based on analysis
of eight samples per genotype. The signiﬁcance of all differences
was assessed using Student-t test, being statistically signiﬁcant
when po0.05. GraphPad Prism 5.0 (La Jolla, CA) was used for
graph and statistics analysis.
Western blot
For Western blotting analysis, forelimbs of wild type, HoxdDel
(11–13)/Del(11–13) and Gli3 / embryos were dissected at E12.5, lysed
by RIPA buffer [20 mM Tris (pH 7.5), 1% NP-40, 0.25% sodium
deoxycholate, 150 mM NaCl, 0.1% SDS, 1 mM EGTA, 1 mM EDTA]
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supplemented with a cocktail of protease and phosphatase inhi-
bitors (Thermo Scientiﬁc) and homogenized using a mini-pestle.
Total protein (50 μg per lane) was separated by SDS-PAGE, and
transferred to PVDF membranes (Millipore). Membranes were
probed with the following antibodies: mouse anti-Gli3 (clone
6F5, Wen et al., 2010) (2.5 ng/ml) and rabbit anti-pSmad 1,5,8
(Cell Signalling technology) 1:500 dilution). Protein visualization
was performed by ECL chemiluminescence (Amersham Bios-
ciences) after incubation with peroxidase-conjugated goat anti-
mouse IgG antibody (Santa Cruz Biotechnology) (1:5000 dilution)
or peroxidase-conjugated goat anti-rabbit IgG (Santa Cruz Bio-
technology) (1:1000 dilution). Vinculin levels, estimated using a
rabbit anti antibody (Sigma) was used as normalization control.
The target band densities were estimated by densitometry using
Image J (NIH, Bethesda, MD) software.
Results
Skeletal phenotype in HoxdDel11–13 homozygous mutants
In order to analyze the mechanism underlying the ossiﬁcation
defect in HoxdDel11–13 homozygous mutants, we have carried out
an in depth analysis of the postnatal development of mutant
autopods. We started by a careful examination of skeletal pre-
parations at three time points: postnatal day (P) 0, P3 and P7
(Fig. 1).
At P0 the forelimb autopod of the mutants was smaller than
normal due to shorter digits that were composed of fewer
elements than in normal pups, following previously described
patterns (Zakany and Duboule, 1996; Fig. 1A and B). At this stage,
the normal skeletal pattern of digits 2 to 5 includes one proximal
metacarpal (m) and three phalanges: proximal (pp), intermediate
(ip) and distal (dp) (Fig. 1A). Digit 1 only has two phalanges
(proximal and distal; Fig. 1A). In most P0 homozygous HoxdDel11–13
mutant autopods, digits 2 to 5 contained a single proximal
element, corresponding to the combination of the metacarpal
and the proximal and intermediate phalanges (m/pip), and a distal
phalanx (dp). In some cases, the pattern observed was slightly
different, composed of a shorter proximal element (m), followed
by a combined proximal-intermediate phalanx (pip) and a distal
phalanx (dp) (Fig. 1B). At this stage no sign of mineralization was
observed in the metacarpal region of the mutant pups, while only
some small and misshaped ossiﬁcation centers were present in the
phalanges.
At P3 all the mutant forelimb digits consisted of three ele-
ments: the metacarpal, a combined proximal-intermediate pha-
lanx and the distal phalanx (Fig. 1D). This indicated that the
continuous metacarpal–phalanx element observed in the majority
of digits at P0 had split into two elements (compare Fig. 1B and D).
However, and in contrast to wild type limbs, no signs of ossiﬁca-
tion were observed in the metacarpals of the mutant animals,
except for an inconstant and small mineralized spot at the base of
the third metacarpal (black arrow in Fig. 1D).
In the forelimbs of P7 control animals, secondary ossiﬁcation
centers could already be observed in digits 2 to 5, these being
distal in metacarpals and proximal in the phalanges (Fig. 1E). In
these specimens, ossiﬁcation centers could be readily identiﬁed in
digit 1 as well as in the carpals (Fig. 1E). It should be noted that the
metacarpals, metatarsals and phalanges are peculiar long bones as
they have an epiphysis at only one end, this being the distal end
for metacarpals and metatarsals and the proximal end for the
intermediate phalanges. In mutant animals at the P7 stage,
mineralization could be observed in several elements of the
autopod, with ossiﬁcation widely covering the metacarpals as well
as the numerous carpals. However, only some of the secondary
ossiﬁcation centers of the phalanges, but never those of the
metacarpals, were observed in mutants (Fig. 1E and F). In the
mutants, digit 1 was thicker than in normal animals and showed a
labyrinth cartilage pattern with no clear separation between
elements, which is surprisingly similar to the pattern observed
in Gli3 heterozygous (Hui and Joyner, 1993). It is important to note
that both in wild type and mutant animals the ossiﬁcation of the
metacarpal and proximal phalanx of digit 1 was delayed in
comparison to digits 2 to 5, and occurred concomitantly with
the ossiﬁcation of the carpals (Fig. 1E and F). Finally, it should also
be mentioned that HoxdDel11–13 mutants invariably exhibited a slim
and unsegmented digit located posterior to digit 5, and a few
variable extra carpal elements (Fig. 1B, D and F).
The corresponding analysis of hindlimbs showed that all digits
were biphalangeal at birth (Fig. 1G and H). Similarly to the
forelimbs, the metatarsals also showed a marked delay in miner-
alization, particularly conspicuous in central digits. The ossiﬁca-
tion centers of metatarsals 1 and 5 were present at birth but were
not centrally positioned in the bone anlagen resulting in bulbous
deformations (Fig. 1H). Indeed, the anterior bumping of the ﬁrst
Fig. 1. Skeletal development of HoxdDel(11–13) homozygous mutant autopods during
the ﬁrst week of postnatal life. Alcian blue-alizarin red staining of wild type WT
and HoxdDel(11–13)/Del(11–13) mutant fore and hindlimbs at the stages indicated at the
top. Each panel includes a dorsal picture of the specimen accompanied by a
schematic drawing of a representative digit 2–5 on the right. The black arrow in
(D) indicates the small ossiﬁcation spot in the third metacarpal at P3. The red
arrowheads in (B), (D) and (F) indicate the extra posterior digit in mutant autopods.
The red arrows in (H), (J) and (K) indicate the bulbous deformations of digit 1 that is
a hallmark of the Hoxd13 deﬁciency. 1 to 5 mark the corresponding digits.
Abbreviations: m, metacarpal; pp, proximal phalanx, ip, intermediate phalanx,
dp, distal phalanx, m/pip, metacarpal/proximal-intermediate phalanx. Bar at the
bottom of each column:1 mm.
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metatarsal, considered a hallmark of the Hoxd13 deﬁciency, was
regularly observed in our mutants (red arrow in Fig.1H, J and L;
Dolle et al., 1993). At P3, although most of the digits remained
biphalangeal, a triphalangeal digit was occasionally observed,
indicating that the proximal phalanx had postnatally split into
proximal and intermediate phalanges (Fig. 1J). By P7, some
irregular and variable positioned ossiﬁcation centers were
observed in central metatarsals (Fig. 1L).
Histological analysis of HoxdDel11–13 homozygous mutants
To further deﬁne the phenotypic defects we performed a
histological analysis during the ﬁrst week of postnatal develop-
ment focusing on the metacarpal and proximal phalanx areas, as
they are the regions displaying the strongest phenotype (Fig. 2).
In the forelimbs, hematoxylin-eosin staining of longitudinal
sections of wild type digits at P0 showed the ossiﬁcation pattern
typical of long bones in both metacarpals and phalanges, with a
well-established growth plate, primary spongiosa and bone
collar (Fig. 2A). In stark contrast, the mutant digits showed a
much poorer organization. A ventrally biased and poorly organized
ossiﬁcation center was found in the combined proximal-
intermediate phalanx, or at the distal end of the proximal
(metacarpal–phalanx) element, in the area that will later form
the proximal-intermediate phalanx (Fig. 2B and details in B0-B″.
However, the prospective metacarpal consisted exclusively of
round and immature chondrocytes of similar morphology to
carpal/epiphyseal chondrocytes (Fig. 2B″). Stacks of ﬂattened
columnar proliferating chondrocytes, hypertrophic chondrocytes
or bone collar were never observed in mutant metacarpals at birth
(Fig. 2B″).
At P7, wild-type metacarpals showed a single growth plate at
the distal end. In these bones the primary spongiosa and cortical
bone collar had already spread into the proximal end of the bone
(Fig. 2C, C0 and C″). A nucleus of hypertrophic chondrocytes and
the beginning of the vascular invasion was also observed in the
metacarpal head (distal epiphysis, Fig. 2C0). In contrast, mutant
metacarpals showed a central area of mineralization and vascular-
ization surrounded by a layer of hypertrophic chondrocytes and a
more superﬁcial layer of small round chondrocytes (Fig. 2D, D0 and
D″). In some areas the hypertrophic chondrocytes were arranged
in columns but the stacks of ﬂattened proliferating chondrocytes
typical of growth plates were never observed. This organization is
similar to that of short bones and, therefore, our analysis con-
ﬁrmed the previously suggested change in the ossiﬁcation pattern
of mutant metacarpals from long bone to short bone type
(Villavicencio-Lorini et al., 2010). Size comparison between wild
type and mutant bones revealed that from birth to P7 the mutant
metacarpals had undergone isotropic growth instead of the typical
longitudinal elongation of the wild-type metacarpal (compare
Fig. 2C with Fig. 2D).
The corresponding analysis of hindlimbs yielded similar results
(Fig. 2E–H). At birth, the whole metatarsal element of mutant
animals consisted of immature chondrocytes while the phalanges
showed a relatively normal, only slightly ventrally biased, primary
ossiﬁcation center (Fig. 2E and F). At the end of the ﬁrst week of
postnatal development, one or two nuclei of chondrocyte hyper-
trophy, frequently not centrally positioned, were observed in the
mutant metatarsals (Fig. 2H).
In summary, our skeletal and histological analyses showed two
different phenotypes: (i) a severe block of chondrocyte maturation
in metacarpals and metatarsals until the end of the ﬁrst week and
Fig. 2. Histological analysis of HoxdDel(11–13) homozygous mutant autopods. Hematoxylin-eosin staining of longitudinal sections of WT and mutant digits at P0 and P7 as
indicated at the top. In all panels distal is at the top and dorsal to the left. Rectangle boxes of different colours identify the areas shown at a higher magniﬁcation. (A) At P0,
the wild type metacarpal and phalanx show the typical organization of the growth plate with the layers of resting (r), proliferative (p) and hypertrophic (h) chondrocytes (A0)
and the bone collar and primary spongiosa in the diaphysis (A″). (B) In mutant forelimbs, two types of digits are shown according to the separation between the metacarpal
and proximal-intermediate phalanx. Note the ventrally-biased and poorly organized ossiﬁcation center in the proximal-intermediate phalanx (B0) and the exclusive presence
of round and immature chondrocytes in the metacarpal (B″). (C) At the end of the ﬁrst week (P7), the WT metacarpal shows hypertrophic chondrocytes (h) in the metacarpal
head indicating the secondary ossiﬁcation centre (C0) and the formation of the cortical bone in the diaphysis (C″). (D) Shows a mutant metacarpal in which a central
ossiﬁcation region is surrounded by a layer of hypertrophic cartilage and a peripheral layer of hyaline cartilage (D0 and D″). (E) At P0, the structure of the wild type metatarsal
contrast with the immature aspect of the mutant elements (F). (G) At P7, the advanced ossiﬁcation of the wild type metatarsal contrast with the presence of one or two foci
of chondrocyte hypertrophy (arrows) in the mutant metatarsal (H).
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Fig. 3. Molecular analysis of chondrocyte maturation and endochondral ossiﬁcation in wild type and HoxdDel(11–13) mutants autopods. (A–D) in situ hybridization on
longitudinal sections of wild type (A and C) and mutant (B and D) autopods at P0 using several cartilage and ossiﬁcation markers. The probes used are indicated at the top.
(E) Cross indicating the axes of the sections. (F) Schematic representation of the forelimb indicating in yellow the area dissected for the qRT-PCR analysis and the results of
the qRT-PCR for Ihh. The level of transcripts in wild type tissue was 3 fold higher than in the mutants (n¼8, *** po0,001). Data represent the mean7SEM. Abbreviations: m,
metacarpal; pp, proximal phalanx; m/pip, metacarpal/proximal-intermediate phalanx.
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(ii) a rudimentary and not-centrally positioned primary ossiﬁca-
tion center in the phalanges.
Mutant metacarpals ossify following the typical pattern of short
bones
To search for the molecular mechanisms underlying the
described phenotype, we ﬁrst examined by in situ hybridization
the differentiation state of chondrocytes in mutant digits and
compared it with wild-type littermates (Fig. 3). We analyzed
consecutive serial sections for the expression of Collagen type II
(Col2a1), a cartilage speciﬁc marker, Ihh and Parathyroid hormone-
related protein receptor (PthrP-R), both markers of prehypertrophic
chondrocytes, and Collagen type X (ColX), a marker of hypertrophic
chondrocytes (Fig. 3).
At birth, Col2a1 expression was observed only the distal ends of
the digital bones of wild-type animals (Fig. 3A). In these bones Ihh
and PthrP-R demarcated the layer of prehypertrophic chondrocytes
and ColX marked the layer of hypertrophic chondrocytes. These
expression domains were oriented perpendicular to the long axis
of the bone and delineated the typical organization of growth
plates (Fig. 3A). In the mutants, however, Col2a1 expression was
detected throughout the whole digital elements, except for the
small and ventrally biased ossiﬁcation center of the prospective
proximal-intermediate phalanx (Fig. 3B). In this particular bony
element, Ihh and PthrP-R expression was detected in a layer of
prehypertrophic chondrocytes, arranged around a ventral cluster
of hypertrophic chondrocytes expressing ColX (Fig. 3B), giving an
image of a growth plate-like structure with an almost round
shape. This abnormal organization of the ossiﬁcation center was
the result of an asymmetric maturation of chondrocytes across the
dorso-ventral axis of the element, as chondrocyte maturation
started at the ventral side (Fig. 3B).
To further deﬁne the differentiation state of the chondrocytes
in the mutant elements, we looked at the expression of several
early chondrocyte markers including, Fgfr3 and Axin2 (Fig. S1 and
not shown). Fgfr3 expression, which is detected at low levels in
resting chondrocytes and is absent from hypertrophic chondro-
cytes (Minina et al., 2005), persisted in the mutant metacarpals in
a pattern corresponding to much earlier stages (Fig. S1). A similar
picture was obtained for Axin2 expression, which normally follows
the differentiation of chondrocytes up to the prehypertrophic
stage (Massip et al., 2007). These results were in line with the
skeletal analysis and conﬁrmed that the mutant metacarpal was
composed of immature chondrocytes.
In the region of the prospective mutant metacarpal, expression
of PthrP-R and of ColX was undetectable and only a few scattered
cells expressed Ihh (Fig. 3B). Because it has been shown that in
spdh mutant mice Ihh is expressed at E13.5 and E14.5 but not at
later stages (Albrecht et al., 2002), we analyzed expression of Ihh
during metacarpal development in HoxdDel11–13 mutant mice. Our
analysis showed faint Ihh expression in scattered cells of the
metacarpal anlage at stages E13.5 and 14.5 (Fig. S2) similar to
what we had observed in the newborns. To quantify the level of
Ihh expression we performed a quantitative RT-PCR assay in both
wild type and mutant E14.5 forelimb autopods (Fig. 3F). Expres-
sion of Ihh was 3 fold-times higher in control than in mutant
autopods, thus conﬁrming the ISH results.
To assess the state of Ihh signalling in the mutants, we analyzed
expression of the hedgehog target genes Gli1 and Patched1 (Ptc1).
In wild-type neonates, Gli1 and Pct1 were expressed in proliferat-
ing chondrocytes, primary spongiosa and in the perichondrium
opposing the ossiﬁcation centers (Fig. 3A). In the mutant phalanx,
expression of Gli1 and Pct1 in the immature chondrocytes and in
the ventral perichondrium reﬂected the altered architecture of the
ossiﬁcation center. At the metacarpal level, scattered Gli1 and Pct1-
positive cells were found more abundant but in a similar pattern
as Ihh-expressing cells (Fig. 3B). This result conﬁrmed that the
tissue was competent for Ihh signalling and that the reduced
expression of its targets was the result of the faint Ihh expression.
To examine the extent of ossiﬁcation in our mutants we
analyzed by in situ hybridization the expression of genes marking
progressive stages of osteoblastogenesis, including Runx2, Osterix
(Osx), Collagen type 1 (Col1) and Bone sialoprotein (Bsp). In wild
type elements, Runx2 and Osx were expressed in the prehyper-
trophic chondrocytes and in the perichondrium, as well as in
osteoblasts (Kim et al., 1999; Stricker et al., 2002), whereas Col1
and Bsp expression was restricted to osteoblasts (Fig. 3C). In the
mutant phalanx, the expression patterns reﬂected the ventral
deviation and roundish shape of the ossiﬁcation center (Fig. 3D).
In addition, Runx2 and Col1 were expressed at a much lower level
than in control elements, and the bone collar was mostly limited
to the ventral side (arrowheads in Fig. 3D). In the mutant
metacarpal, however, Runx2 and Osx were barely detectable, being
their levels similar to those observed in resting chondrocytes of
control metacarpals (Fig. 3C and D). Col1 and Bsp were undetect-
able in this area conﬁrming the absence of osteoblast differentia-
tion in mutant newborn metacarpals (Fig. 3C and D). These results
are in agreement with the known regulation of Runx2 by Hox and
Ihh signalling in early chondrogenesis (Yoshida et al., 2004,
Villavicencio-Lorini et al., 2010).
Eventually, by the end of the ﬁrst week of postnatal life, the
metacarpals of HoxdDel11–13 mutant animals rapidly ossiﬁed (Fig. 1).
Hypertrophic chondrocytes were ﬁrst detected in the core of some
metacarpals by P3 (not shown). Then, a wave of hypertrophic
differentiation rapidly expanded radially from the center of the
element towards its surface, except for the few most superﬁcial
cell layers that persisted as hyaline cartilage expressing Col2a1
(Fig. 4B). Following the expansion of the area of hypertrophy to the
periphery, expression of bone markers such as Bsp became
activated in the central region (Fig. 4B). Thus, by P7 the architec-
ture of the mutant metacarpal consisted of a series of concentric
layers with a core of differentiated osteoblasts marked by Bsp
expression, surrounded by a layer of hypertrophic chondrocytes
expressing ColX and another more superﬁcial layer of Col2a1-
expressing cells (Fig. 4B). Interestingly, this pattern of ossiﬁcation
was achieved in the presence of low, but detectable, Ihh expression
(Fig. 4B). Altogether, these results show that the metacarpals of
HoxdDel11–13 mutants do not follow the typical architectural orga-
nization of the distal growth plate and fail to produce the
secondary ossiﬁcation center observed in the equivalent bones of
normal animals (Fig. 4A), but instead, they displayed features
resembling the ossiﬁcation pattern characteristic of carpal bones
(Fig. 4C).
An equivalent analysis of hindlimb autopod bones of HoxdDel11–
13 mutant animals yielded similar but less severe ﬁndings than
those described for the forelimbs. At birth, the mutant metatarsal
consisted of immature chondrocytes expressing Col2a1 (Fig. 5A
and B) with only some cells in the center of the element
expressing low levels of Ihh (arrow in Fig. 5B). The ossiﬁcation
center of the proximal phalange was relatively well developed
showing only a slight ventral displacement, much less conspicuous
than that observed in the forelimb (Fig. 5B). Col1 expression
marked the bone collar in the phalanx (arrowheads in Fig. 5B)
but was not detected in the metatarsal (Fig. 5B). It should be noted
that the early expression of Runx2 and Ihh was faint, similar to
what was observed in the forelimbs (not shown). At P7, the
chondogenic maturation in metatarsals was more variable than
in metacarpals. In general, one or two foci of hypertrophy were
observed in the central mutant metatarsals. The position of these
ossiﬁcation nuclei was variable, centrally or dorso-ventrally
biased. They consisted of a core of chondrocytes expressing ColX,
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surrounded by a layer of chondrocytes expressing Ihh (Fig. 5C).
Expression of Col1 was only observed if the ossiﬁcation center
reached the periphery of the element (Fig. 5C). At this stage
expression of Ihh was stronger than in the forelimbs and the
hypertrophic foci resembled rounded growth plates but devoid of
columns of proliferating ﬂattened chondrocytes.
A reduced dose of Hox genes correlates with short-bone development
The mutant phenotype localizes in a region where Hoxd11, 12
and 13 are expressed at high levels. Therefore, it seems reasonable
to assume that the phenotype is due to the loss of function of
these three most posterior Hoxd genes. Furthermore, we have
recently shown that the triple Hoxd11–13 deletion does not modify
the expression of Hoxa11 and Hoxa13 or of the remaining genes of
the Hoxd cluster (Sheth et al., 2007, 2014), ruling out the
possibility that the alterations in the ossiﬁcation process of the
autopod bones resulted from abnormal expression of other Hox
products.
However, the observation that the phenotype is maximum in
the metacarpal and metatarsal area, much milder in the proximal
phalanx and virtually absent in the distal phalanx is puzzling. In an
attempt to understand the reason for this difference we analyzed
the expression of Hoxa13, the other Hox gene typical of the
autopod (Fromental-Ramain et al., 1996). Interestingly, we found
that although the expression pattern of Hoxd13 and Hoxa13 were
initially uniform throughout the autopod (E11.5), Hoxd13 became
predominantly expressed in the area of the developing metacar-
pal–proximal phalange, whereas Hoxa13 became predominantly
expressed in the distal region (Fig. S3). Since there is ample
evidence supporting that the global dose of Hox genes is a key
factor in digit morphogenesis and that Hoxd13 and Hoxa13 have at
least partially redundant functions (Montavon et al., 2008; Sheth
et al., 2013), it is plausible that the more intense expression of
Hoxa13 in the distal phalanx area was the reason for the attenu-
ated HoxdDel11–13 phenotype in this area.
Removal of Gli3 but not of Gli2 ameliorates the ossiﬁcation defect in
HoxdDel11–13 mutants
During chondrocyte differentiation Gli2 and Gli3 are the major
effectors of Ihh signaling (Hilton et al., 2005; Koziel et al., 2005;
Fig. 4. The ossiﬁcation of HoxdDel(11–13) mutant metacarpal follows the typical pattern of short bones. in situ hybridization on longitudinal sections of a wild type metacarpal
(A), a mutant metacarpal (B) and wild type carpals at P7. Probes are indicated at the top. Note the similarity between the patterns observed in mutant metacarpals (B) and in
wild type carpals (C). The proﬁle of the elements is highlighted by a red dashed-line where difﬁcult to distinguish.
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Joeng and Long, 2009; Kesper et al., 2010). Ihh prevents formation
of a short form of Gli3 (Gli3R) that is a strong transcriptional
repressor. Thus, we reasoned that the reduced expression of Ihh in
Hoxd11–13 mutant metacarpals should lead to an increase in the
amount of Gli3R. We tested this hypothesis by evaluating the state
of the Gli3 protein in the mutant autopod by Western blot. At
E13.5, we found a 1.5-fold difference in the amount of Gli3R
present in mutant compared to control autopods (Fig. 6A), which
is consistent with the decreased Ihh expression. The speciﬁcity of
the Gli3 full-length and Gli3R bands was conﬁrmed by their
absence in the Gli3 / sample (Fig. 6A). It is known that 50 Hoxd
proteins bind Gli3R and that this binding converts Gli3R function
from repressor to activator (Chen et al., 2004). Therefore, in
HoxdDel11–13 homozygous mutants the repressor activity of Gli3R
should be stronger as a consequence of both the higher amounts of
Gli3R and its increased activity due to the absence of Hox proteins.
This result prompted us to generate and analyze double
HoxdDel11–13;Gli3 mutants. This double mutant should help under-
standing to which extent the HoxdDel11–13 phenotype resulted from
reduced Ihh signalling and to identify the potential contribution of
Hoxd11–13 products to later stages of endochondral ossiﬁcation.
The digits of Gli3 / animals had three phalanges but the
chondrogenesis of the proximal phalanx was very defective
(Fig. 6B). As it has been previously described, mice double
homozygous for the Gli3 and HoxdDel11–13 alleles had a more
severe polydactyly than single Gli3 mutants, reﬂecting the
functional interaction between Hox and Gli3 transcription factors
in the control of digit number (Sheth et al., 2007; 2012). Most
interestingly, the removal of Gli3 from the Hoxd11–13 null back-
ground had a much stronger impact on the ossiﬁcation of
metatarsals than of metacarpals (Fig. 6). Thus, at birth, the
metatarsals of double mutants showed primary ossiﬁcation cen-
ters similar to those observed in normal animals (Fig. 6C, compare
with Fig. 1G and H). However, the improvement in the ossiﬁcation
of double mutant metacarpals, although detectable, was much less
conspicuous than in metatarsal (Fig. 6C, compare with Fig. 1A and
B). In double mutants some of the metacarpals showed rudimen-
tary and not centrally positioned primary ossiﬁcation centers at
birth, what was never observed in HoxdDel11–13 single mutants.
Because these double mutants die at birth it was not possible to
assess whether the metacarpals would eventually achieve a
normal ossiﬁcation pattern.
We also removed Gli2 from the Hoxd11–13 null background.
The phenotype of the double HoxdDel11–13;Gli2 / mutants was
identical to that of HoxdDel11–13 single mutants (Fig. 6D and E),
indicating that Gli2 does not play a major repressor function
downstream of Hox proteins during endochondral differentiation.
Histological analysis of the autopod of double HoxdDel11–13;
Gli3 mutants at birth conﬁrmed the normal architecture of the
primary ossiﬁcation center in metatarsals with two well-
structured growth plates, primary spongiosa and bone collar
(Fig. 7B). The expression of Ihh and Col1 also followed normal
patterns (Fig. 7B). However, in line with the skeletal analysis,
double mutant metacarpals showed a poorly developed and
ventrally biased primary ossiﬁcation center (Fig. 7A), similar to
that observed in the combined proximal-intermediate phalanx of
single HoxdDel11–13 homozygous mutants. This was corroborated by
the expression of Ihh, PTHrP-R and ColX (Fig. 7A and not shown).
Expression of Col1 indicated the presence of bone collar in these
double mutants (Fig. 7A).
Interestingly, in double mutants we consistently observed
separation between the metacarpal and the proximal phalanx
(Fig. 7A and B) in contrast to what we described for the HoxdDel11–
13 single mutants in which many metacarpals were fused to the
proximal phalanx at birth (Fig. 1). This observation suggested that
an excess of Gli3R in HoxdDel11–13 homozygous interfered with the
formation of the metacarpophalangeal joint. Another feature of
the double mutant limbs, clearly appreciated in sections, was the
exaggerated ventral bending of the metacarpophalangeal joint,
which could be an effect derived from the severe syndactyly of
these limbs.
Finally, we examined the status of the Ihh pathway in E13.5
double mutant metacarpals. Surprisingly we found that the loss of
Gli3 in the Hoxd11–13 null background restored Ihh, PthrP-R and
PthrP expression in the metacarpals (Fig. 7C), indicating that Gli3R
directly or indirectly controls expression of components of this
pathway, including Ihh itself. Thus, the loss of Gli3 function
rescued many aspects of the metacarpal HoxdDel11–13 phenotype,
including transition to the hypertrophic state, osteoblast invasion
and formation of the bone collar. However, the rescue was
typically incomplete suggesting that the role of Hox genes in the
establishment of a normal ossiﬁcation pattern extends beyond its
Fig. 5. Ossiﬁcation of HoxdDel(11–13) homozygous mutant hindlimbs. in situ
hybridization on longitudinal sections of wild type (A) and mutant (B) metatarsal
and proximal phalanx at P0. The mutant metatarsal is also shown at P7 (C). Note
the presence of two foci of hypertrophy in the mutant metatarsal. Probes are
indicated at the top.
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activity in counteracting Gli3R activity. The different rescue level
in forelimbs and hindlimbs indicates the presence of additional
repressors or the absence of additional activators in the forelimbs.
In this regard, it is worth mentioning that members of the Hoxc
cluster are speciﬁcally expressed in the hindlimb but not in the
forelimb, a factor that could contribute to the differential rescue.
Discussion
The analysis of spdh and HoxdDel11–13 mutant mice has con-
tributed to both understanding of the etiopathology of human SPD
and identiﬁcation of the role that Hox proteins play in the control
of osteogenesis. Analysis of spdh mice revealed that their meta-
carpals resembled short bones, a ﬁnding that was interpreted as
their transformation into carpals thus constituting a case of
homeotic transformation (Albrecht et al., 2002, Villavicencio-
Lorini et al., 2010). Here we have used the HoxdDel11–13/Del11–13
mutant mice to investigate the origin of this bone defect, char-
acteristic of the SPD phenotype.
Our analysis of skeletal preparations and histological sections
of the autopods of HoxdDel11–13 homozygous mutants revealed two
distinct phenotypes: a severe delay and change of chondrocyte
maturation pattern in metacarpals and metatarsals, and a defec-
tive and non-centrally positioned primary ossiﬁcation center in
phalanges.
In the metacarpal/metatarsal area of these mutants neither
formation of the mesenchymal condensations nor early stages of
chondrocyte differentiation seemed to be negatively affected, but
subsequent maturation was clearly blocked. The chondrocytes in
these elements maintain the round morphology typical of reserve
chondrocytes and express markers of immature cartilage, includ-
ing Col2a1 and low levels of Fgfr3 up to the end of the ﬁrst week of
postnatal development. In addition, these bones failed to organize
the characteristic growth plates of long bones. As a consequence
the metacarpals grew in an isotropic manner resulting in a round
(short bone-like) shape. Eventually, the chondrocytes in the core
of the element underwent hypertrophy that rapidly expanded to
the periphery of the element. Altogether, the timing and pattern of
the ossiﬁcation observed in the metacarpals of HoxdDel11–13
mutants resembles the kind typically found in short bones
(carpals/tarsals).
Short bones are formed in areas with a reduced global dose of
Hox genes, the wrist and the ankle, in which the only distal Hox
gene expressed is Hoxa13 (Woltering and Duboule, 2010). The
change in the metacarpal ossiﬁcation type in both HoxdDel11–13 and
spdh mutants (Villavicencio-Lorini et al., 2010), stresses the corre-
lation between reduced Hox dose and short bone formation, and
suggests an important role for Hox gene dosage in controlling
whether ossiﬁcation occurs according to a short bone or a long
bone scheme. Several lines of evidence support this notion. For
example, the short morphology of the most anterior digit (digit 1)
correlates with a global level of Hox gene expression, intermediate
between those present in the rest of the digits and in the carpals
(Montavon et al. 2008). Indeed, the hallmark of digit 1 is expres-
sion of Hoxd13 but not of Hoxd12 or Hoxd11 (Vargas and Fallon,
2005; Vargas and Wagner, 2009). Similarly, in the total absence of
Hox10 genes, the hindlimb stylopod is dramatically affected
(Wellik and Capecchi, 2003). Also, the signiﬁcant reduction in
the dose of Hox genes that occurs in the zeugopod of Hoxa11 /;
Hoxd11 / and Ulnaless mice is associated with an extreme
shortening of the bony elements and abnormal patterns of
chondrocyte differentiation resembling those observed in Hoxd-
Del11–13 mutants (Boulet and Capecchi, 2004; Gross et al., 2013).
Interestingly, the alterations seem to be similar in all these
mutants: inability to initiate hypertrophic differentiation within
the appropriate time frame and marked downregulation in Ihh
expression. Collectively, all these data are compatible with Hox
genes being required in a dose-dependent manner for long bone
cartilage maturation in all regions of the limb (Zakany and
Duboule, 1996; Boulet and Capecchi, 2004; Gross et al., 2013;
Albrecht et al., 2002; Villavicencio-Lorini et al., 2010). They would
also suggest that different Hox genes inﬂuence the ossiﬁcation
process in similar ways and that long bone development is not
possible below a particular threshold level of Hox activity. It
should be noted that this view does not support the interpretation
Fig. 6. Immunoblot and skeletal phenotypes of single and compound mutants of Gli3 , Gli2 and HoxdDel(11–13). (A) Western blot with an antibody recognizing Gli3. The 190-
kDa band corresponding to full-length (Gli3-190) and the 83 kDa band corresponding to the processed repressor form of Gli3 (Gli3R) are indicated. Vinculin (116 kDa) was
used for normalization. The asterisk indicates a 75 kDa band present in Gli3 mutants. The graph shows that the level of the repressor band was 1.5-fold higher in HoxdDel11–
13 than in wild type autopods (**po0.01). (B–E) Skeletal phenotypes of single and compound mutants of genotypes indicated on the left. For each genotype the fore and
hindlimb autopods are shown. All specimens are shown in dorsal views with anterior to the right and distal to the top. Note that the ossiﬁcation of metatarsals is completely
rescued in double mutants but only partially improved in metacarpals (C). However, the additional removal of Gli2 does not modify the phenotype of HoxdDel(11–13)
mutants (E).
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of the SPD phenotype as a homeotic transformation but, rather, as
an impairment of long bone formation in the proximal autopod
due to reduced Hox activity.
In contrast to metacarpals, the HoxdDel11–13 mutant phenotype
of the proximal-intermediate phalanx is characterized by the
defective architectural organization of the primary ossiﬁcation
center that adopts a ventrally biased position leading to eccentric
growth. This is the result of a dorso-ventral asymmetry in the
maturation of chondrocytes. Whether this reﬂects dorso-ventral
differences in Hox gene expression remains to be elucidated.
Deviations in the position of the primary ossiﬁcation center
leading to the formation of bumping excrescences are observed
in a variety mutant mice, including those deﬁcient for Shh and for
Hoxa11;Hoxd11 (Boulet and Capecchi, 2004; Chiang et al., 2001).
Similarly, bumping of the ﬁrst metatarsal, a hallmark of the
Hoxd13 deﬁciency, also results from the deviation of the primary
ossiﬁcation center (Dolle et al., 1993).
Interestingly, the observation that Hoxa13 expression is more
intense in the phalanx region than in metacarpals provides an
explanation for the different phenotypes observed at these two
levels. In particular, our interpretation is that the phenotype is less
severe in the phalanges because Hoxa13, which maintains a higher
level of expression distally, may functionally substitute for the
absence of distal Hoxd genes, most particularly Hoxd13.
Because of the strong downregulation of Ihh expression in
HoxdDel11–13 mutant metacarpals, we have considered the possibi-
lity of a direct regulation of Ihh by distal Hoxd genes. The ﬁnding
that Hoxd proteins bind and activate the Shh long-range limb
enhancer (Capellini et al., 2006) further suggested the possibility
of a similar effect on the Ihh promoter. However, we could not ﬁnd
evidence for a direct regulation of Ihh by Hoxd13, at least acting on
the previously described 1.3-kb (1208/þ105; Yoshida et al.,
2004) active promoter region (data not shown). The activation of
Ihh in double Hoxd11–13;Gli3 mutants also argues against a direct
regulation of Ihh by distal Hoxd genes. Runx2, a well-established
target of Hox genes and a direct regulator of Ihh in chondrocytes
(Hassan et al., 2007; Villavicencio-Lorini et al., 2010; Yoshida et al.,
2004; Takamoto et al., 2003), is a good candidate to mediate Hox-
dependent expression of Ihh. Thus, it is possible that the failure to
activate Ihh expression in HoxdDel11–13 metacarpals is mediated by
the marked downregulation of Runx2 as it has been recently
proposed in Ulnaless and Hoxa11 /;Hoxd11 / mutants (Gross
et al., 2013).
To evaluate the weight that downregulation of Ihh has in the
development of the HoxdDel11–13 phenotype we generated double
Hoxd11–13;Gli3 mutants. Gli3R, an important regulator of chon-
drocyte differentiation, became substantially increased in the
autopod of HoxdDel11–13 mutants. Gli3 controls the transition from
resting into proliferating chondrocytes in a PTHrP-independent
manner but also mediates the transition from columnar to
hypertrophic chondrocytes through regulation of PTHrP expres-
sion (Hilton et al., 2005; Koziel et al., 2005). Both in metacarpals
and metatarsals the removal of Gli3 from the Hoxd11–13 back-
ground allows the transition to hypertrophy but, unexpectedly, the
effect was much limited in metacarpals than in metatarsals in
which the ossiﬁcation alterations were completely rescued. Inter-
estingly, removal of Gli3 permitted a close to normal activation of
Ihh in metacarpals and metatarsals, indicating that Ihh expression
was repressed, either directly or indirectly, by Gli3R. It is possible
that Ihh expression is the consequence of the differentiation of
hypertrophic chondrocytes that depends on upregulation of PTHrP
expression. Our results may indicate that the excess of Gli3R
contributes more to the HoxdDel11–13 mutant phenotype in the
hindlimbs than in the forelimbs. Alternatively, the differential
rescue between fore and hindlimb may reﬂect the presence of
additional repressors in the forelimb that are not present in the
hindlimb. Also, because additional Hox products are expressed in
the hindlimb (i.e. some components of the Hoxc complex) it is
possible that the more effective rescue in the metatarsals resulted
from an additional dose of Hox products that are not available in
the forelimb.
Finally, it should be noted that expression of Ihh differs
signiﬁcantly in HoxdDel11–13 and spdhmutants. While Ihh is initially
activated in spdh metacarpals, although in an abnormal pattern
and fails to be maintained later in development (Albrecht et al.,
2002), it is only barely detectable in the HoxdDel11–13 metacarpals
at any developmental stage. This difference might suggests a
negative effect of Hoxa13 on Ihh expression as the mutant Hoxd13
protein produced in spdhmice presumably blocks Hoxa13 function
in addition to that of Hoxd13 itself. Also, and despite the strong
downregulation of Ihh in the metacarpals of HoxdDel11–13 mutants,
Fig. 7. The ossiﬁcation process in the HoxdDel11–13;Gli3 double mutant metacarpal.
(A and B) Hematoxylin-eosin staining of longitudinal sections through the autopod
of HoxdDel11–13;Gli3 double mutants at P0. (C–K) ISH in frontal sections of E13.5
wild type, HoxdDel(11–13) and HoxdDel11–13; Gli3 double mutants with the probes
indicated at the top. Note that the expression of Ihh, PthrP-R and PthrP is restored in
double mutant metacarpals (E, H and K). (L–P) ISH in longitudinal sections of Hoxd;
Gli3 double mutant forelimb autopod at P0. Note that the primary ossiﬁcation
centre in the metacarpal is ventrally biased similar to the phalanx in the double
mutants. The proﬁle of the elements is highlighted by a red dashed-line where
difﬁcult to distinguish.
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their chondrocyte phenotype clearly differs from that of Ihh-
deﬁcient mice, which show accelerated hypertrophic differentia-
tion (St-Jacques et al., 1999), thus indicating an effect of Hox genes
in chondrogenesis beyond that mediated by downregulation of
Ihh. In this regard it has been recently shown that spdh mutants
have a defect in cell polarization in the growth plates and
perichondrium and that these processes are regulated by the local
Hox code acting upstream of Wnt5a (Kuss et al., 2013).
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